Introduction
Cu(In,Ga)Se 2 (CIGS) thin film solar cells are currently the highest performing multi-crystalline solar cells available [1] with the record cell achieving a power conversion efficiency value of 22.8% [2] .
Large progress has been made in recent years with the introduction of an alkali post -deposition treatment (PDT) that improves the CIGS front interface electrical properties [3, 4] . The improvement is a continuation of the CIGS community efforts to increase the quality of the polycrystalline CIGS semiconductor. Likewise, in order to achieve its maximum theoretical efficiency of approximately 33%
and to be mass-deployed, other improvements have to be developed [5, 6] . Whereas PDT is used to reduce the front interface recombination, the rear interface of the most efficient solar cells combines an interface which also requires improvements. Hence, the study of interface passivation is of the This print has been published in Advanced Materials Interfaces with https://doi.org/10.1002/admi.201701101 3 utmost importance if we want to design new CIGS device architectures that permit achieving even higher levels of electrical performance. Furthermore, the study of interface defects and i ts recombination velocity is important for all types of solar cells like dye -sensitized solar cells [7, 8] , CdTe [9, 10] and perovskite solar cells [11] [12] [13] [14] , as an example.
It has been demonstrated that the rear interface can be effectively passivated by an Al 2 O 3 nanopatterned layer forming a point contact structure [15] [16] [17] [18] . Such passivation layer can lead to three advantageous effects: i) chemical passivation; ii) field effect passivation; iii) increased reflection at the rear contact; all while maintaining good electrical contact and devices with high fill factors. Chemical passivation, a terminology coming from the silicon technology, is simply related with a reduction on the interface defect density and it is still an electronic effect. Semiconductor surfaces, especially semiconductor-metal interfaces, can host several interface defects, leading to high surface recombination velocities, which in turn lower the electrical performance of solar cells. Simply, the chemical passivation allows for the decrease of the total number of electrically active defects. The field effect passivation occurs by the presence of a built-in electric field that arises from the high density of fixed charge from the commonly used dielectric materials of the passivation layer. Such field is beneficial for the electrical performance of the solar cell since it drives minority carriers away from the highly recombinative rear contact into the space charge region. While the Al 2 O 3 layer is an insulator and acts as a passivation material, the rear electrical contact is established by opening an array of holes in the Al 2 O 3 layer. These openings, also called point contacts, are needed to allow electrical contact between the rear electrode, Mo, and the absorber layer, CIGS, while maintaining most of the surface passivated. Furthermore, in order to have a small contact area value, above 95%, and due to the low CIGS carriers´ short diffusion length and lifetime, the dimensions of the openings together with the distance among them need to be close or on the sub-micrometer range [19, 20] .
Moreover, according to the dimensions of the passivation layer and the refractive index of its material, this layer can also increase the light reflection of the rear contact, allowing for more light to be absorbed by the CIGS layer. While several studies have already shown proof-of-concepts of the point This print has been published in Advanced Materials Interfaces with https://doi.org/10.1002/admi.201701101 4 contact structure [21] [22] [23] [24] and of the passivation properties of Al 2 O 3 [25] [26] [27] [28] [29] [30] , more detailed studies that analyze the different physical effects involved are needed. Although in the literature there are several studies showing that bulk recombination is the limiting effect in the electrical performance of CIGS solar cells [31] [32] [33] [34] and that the interfaces are not problematic [35] , recent experimental reports show that improved CIGS interface passivation can actually lead to substantial gains [36, 37] . These findings have motivated device simulations that have predicted gains up to 3% (in absolute power conversion efficiency) in fully passivated solar cells [38] [39] [40] [41] .
Ultrathin devices have recently been studied in detail by numerous groups [42] [43] [44] [45] [46] [47] as they have the potential to reduce the material costs and manufacturing times [48] . Ultrathin devices are believed to be the forward path in this CIGS technology as they enable a combination of significant advantages:
i) lower material consumption, which is of crucial industrial importance mainly due to In scarcity; ii)
increased mechanical flexibility and integration in a broad range of consumer-oriented applications (e.g. BIPV, portable electronics, wearables, internet of things, etc.); iii) increased electrical performance, when the interfaces are fully passivated, due to lower bulk recombination as a consequence of reduced CIGS thickness. Besides, ultrathin CIGS devices are the ideal test bed to study the effects of rear passivation developments [20] , as those investigated here, since their thickness is on the same order of magnitude, or even smaller, than the minority carrier diffusion length, causing carriers to be more exposed to the highly recombinative rear interface. As such, this approach leaves room to study the rear passivation effect in more detail and opens the door to ultrathin devices with enhanced electrical performance.
In this work, we study in depth the effects of the CIGS solar cells rear interface passivation based on a nanopatterned point contact Al 2 O 3 layer. Most notably we correlate the effects of the solar cells with an optical model and photoluminescence measurements which allowed us to infer a number of properties of the interface passivation effects on the electrical performance of ultrathin solar cells.
Results
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Two types of solar cells were prepared: a) a reference solar cell with the standard CIGS solar cell structure; b) a solar cell with an Al 2 O 3 nanopatterned layer in-between the Mo and the CIGS, the so-called passivation layer, as represented in Fig. 1 . The Al 2 O 3 layer was nanopatterned using e-beam lithography and a dry etching process to produce openings of ~400 nm with a pitch of 2000 nm. The ultrathin CIGS absorber layer is 350 nm thick, so that the effects of rear interface recombination have a stronger impact on the cell performance. Moreover, the CIGS layer has no elemental gradients. The importance of having flat, ungraded, profiles, is to avoid complementary rear surface passivation effects as those that would be caused by the quasi-electric field of the Ga gradient [49] . We highlight the fact that with the exception of the passivation layer, all the solar cell processing was exactly the same for both solar cells. (> 500 mV), we note that the efficiency of both cells is being limited mostly by low J SC values (< 21 mA/cm 2 ). We attribute the low J SC values due to the very thin CIGS layer, 350 nm, which is not sufficient to fully absorb incoming light, in contrast with that (~2 m thick) used in conventional CIGS cells. Such relatively thin layer leads to high optical losses in the near infrared region. These absorbers are also heavily affected by rear interface recombination, making them ideal to evaluate the effects of the passivation layer. The differences between the two cells are striking, the reference cells achieve, in average, an efficiency value of 7.5% whereas the passivated devices exhibit a value of 9.7%. This large increase in efficiency is due to an increase from 538 mV to 627 mV in V OC , and an increase from 19. that the passivation procedure is beneficial and produces devices with a superior electrical performance in terms of V oc and J SC . It can be pointed out that the passivated devices are quite stable, one year after their fabrication and first measurements, the electrical performance was, with in error measurements, the same.
C-V measurements were also performed on all solar cells and the CIGS doping concentration was extracted at the 0 V point [50] . The reference device has a median CIGS (apparent) doping concentration at 0 V of 3.2x10 16 cm -3 with a standard deviation of 0.3x10 16 
Optical simulations
In order to further understand the J SC gain of the passivated solar cells, we performed detailed electromagnetic simulations to verify if the attained current gains are due to optical (e.g. from an increased reflection and/or back scattering of the rear contact) or electronic effects caused by the passivation layer. The computations were performed with a FDTD mesh-based solver, as discussed further elsewhere [51, 52] . [54] .
The simulation results are given in Fig. 4a ,b), which shows the photo-carrier generation rate profiles and light absorption spectra along the corresponding solar cells stack, for devices with and without (reference) the passivation layer. Only the light absorbed in the GIGS (termed useful absorption) leads to significant photo-current. The parasitic light absorption by the solar cell stack that does not translate into photo-current occurs mainly in: i) the UV range due to the light absorption in the ZnO-based transparent conductive oxide (TCO) and in the CdS layer, where the low minority carrier lifetime does not allow for current output; ii) the near-infrared (NIR) range due to both the free This print has been published in Advanced Materials Interfaces with https://doi.org/10.1002/admi.201701101 9 carriers light absorption in the TCO layer [55, 56] and the absorption of the Mo rear contact [57, 58] . These optical losses account for the difference shown in Fig. 4b ) between the light absorption of the CIGS layer and that in the complete solar cell stack.
One of the initial studies performed with the simulations was the investigation of the contribution of the CIGS material inside the point contact in the overall cell absorption, and its possible optical influence in the rest of the CIGS layer. Even though the openings correspond to a very small area, they could create a sub-wavelength effect that is worth exploring. For that, we simulated Al 2 O 3 passivation layers with and without the hole and arrived to the conclusion that, at least optically, the extra CIGS placed inside the Al 2 O 3 layer does not significantly influence the absorption spectra. On the simulation of the structures shown in Fig. 4a ) and if we consider a unitary internal quantum efficiency It should be noted that the difference between the simulated J SC values (0.9 mA/cm 2 ) is significantly lower than that between the measured J SC values (~2.3 mA/cm
Photoluminescence
Photoluminescence probes the electronic structure of semiconductors and can be used to arrive to a qualitative evaluation of the effects of passivation layers, in particular to the influence of defects, being those radiative or non-radiative. The normalized PL spectra of the two solar cells, measured at 7 K, under an excitation power of 29 mW and equivalent experimental conditions, are presented in Fig. 5a ). Two broad and asymmetric bands with a maximum intensity at 1.07 and 1.06 eV are observed for the reference and passivated solar cells, respectively. Broad emission is typical of Cupoor CIGS polycrystalline solar cells [42] , [43] , however, for the case of the reference solar cell, the luminescence is significantly broader than that of the passivated cell. Additionally, the reference solar cell also shows a larger asymmetry in the low energy side of the spectrum suggesting the existence of a higher influence of defects [62, 63] . Regarding the passivated solar cell, the full width at half maximum (FWHM) is significantly lower (~61 meV) than that of the reference solar cell (~96 meV). With the increase of temperature (Fig. 5b) ), the FWHM value of both solar cells increases, as expected. Still, at higher temperatures, in the case of the passivated solar cells, the shape of the luminescence band is very similar to the one measured at low temperature, although with a slight redshift, while for the reference solar cell there are significant changes that further indicate the presence of add itional radiative transitions. Since the CIGS layer is nominally the same, the changes in PL must be related with the passivation of the rear surface of the absorber layer. In the literature, in addition to the shape of the PL emission at low temperature, to infer the effect of the passivation layer, quite often a comparison of the PL intensity is performed [64] [65] [66] [67] [68] . However, a direct comparison of PL intensity from different samples should be done with caution due to the necessarily different optical alignments despite nominally equivalent experimental conditions and as in this work we do not have those capabilities we do not perform that comparison here. With the used excitation wavelength, 514.5 nm, penetration depth of the incident photons, ~70 nm, is smaller than the CIGS thickness, 350 nm.
However, the generated charge carriers are influenced by the modification of the density of interface defects induced by the Al 2 O 3 deposition due to the CIGS high carrier diffusion length [69, 70] suggesting [74, 75] . With respect to the J SC difference, the EQE results (Fig. 2b)) shows that the gains of the passivated cells are from wavelength values above 500 nm. Such region is the optical region above the absorption edge of the CdS buffer layer. Having the gains distributed throughout almost all of the spectral range is a confirmation of the simulation results that the increase of the J SC is not only due to enhanced optical rear reflection, but also due to electronic effects. Three improvements could lead to such an increase of J SC : i) a lowering of the rear contact interface defect density allowing for a lower effective interface recombination velocity; ii) an increased effective minority carrier diffusion length due to an effective electric field at the rear contact induced by negative charges in the passivation layer; iii) an increased optical reflection of the rear contact. Increased optical reflection would be of high interest as it is one of the limitations of ultrathin CIGS solar cells [76] [77] [78] [79] [80] [81] [82] . In fact, several approaches have been tested in order to increase the reflection and light scattering properties of the rear contact [24, [83] [84] [85] [86] [87] [88] . Such properties can contribute to the enhancement of the optical path length of mostly the weakly-absorbed near infra-red (NIR) photons within the CIGS region, thus enabling higher EQE in the NIR range close to the CIGS bandgap (> 700 nm), as seen in the optical results of Fig. 4b,c) .
However, our results of Fig. 3b) show a photocurrent increase even for wavelengths down to 500 nm, a region where no optical losses are expected. The optical simulations agree with the interpretation that the increase in J SC of the passivated cell cannot be solely attributed to an increased reflection, as commented in the optical analysis section. Therefore it can be concluded that the effect of introducing the point contact layer increases device performance by somewhat increasing the rear reflection but also significantly by the effect of its electronic passivation role, in agreement with our previous studies [20, 89] and contrary to other data interpretation from the literature [35] .
Another scenario that needs to be addressed is the Na diffusion blocking properties of the .
The experimental difference seen in this work between the reference and the passivated devices is 1.3x10 16 cm -3 , hinting at the fact that the carrier concentration is not changing the V OC values significantly. Even if the previous experimental results cannot be directly linked to the one presented here due to the ultrathin CIGS layers, since the reference device is actually the one with the higher carrier concentration, using the expression:
where K B is the Boltzmann´s constant, T temperature and q the elemental charge, a V OC difference of 13 mV higher for the reference cell compared with the passivated solar cell can be calculated. Thus, both from previous experimental results and the previous calculation, if the passivated solar cell has a lower amount of Na compared with the reference solar cell, it would be expectable to have a lower V OC . Accordingly, even if there are small differences in the Na content of the two solar cells, its influence on the carrier concentration leads to V OC changes that are contrary to the ones seen by the J-V analysis. From both arguments, we conclude that the V OC differences seen here cannot be explained by differences in Na and/or carrier concentration.
Regarding the PL interaction volume, if we give thought only to optical considerations, the PL analysis would only analyze a top surface layer of 70 nm [91] . However, the fact that the PL measurements are affected by modifications to the rear contact show that the CIGS has a minority carrier diffusion length high enough to allow photo-generated carriers at the surface of the CIGS layer to still interact with the rear contact. This result contrasts with previous observations that the PL could contribute with in-depth probing [92] . However, such procedure was applied to kesterite compounds This print has been published in Advanced Materials Interfaces with https://doi.org/10.1002/admi.201701101 16 with a low electrical performance, which are known to have a lower minority carrier diffusion length and significant lower electrical performance than the one of CIGS [93] . Interestingly, the fact that PL is sensitive to the entire CIGS volume is in good agreement with the EQE results. The EQE shows that for all the incoming wavelengths there is a superior quantum efficiency for the passivated solar cells. Low wavelength values (~500-600 nm), or high energy photons, correspond to light absorption in the CIGS close to the surface, but even there the EQE behavior of the passivated cell is superior. This effect is in full agreement with the PL being also sensitive to changes in the rear interface, as expected in the case where the effects are made in a distance smaller to the carriers diffusion length .
The PL analysis has shown qualitatively that the passivation reduces the number of radiative defects that are active in the CIGS. Such reduction of the number of interface defects by the rear passivation was shown by PL: i) as a larger FWHM value of the reference solar cell, compared with the passivation one, and ii) by the appearance of additional radiative transitions as the temperature increases for the reference solar cell. Concerning the FWHM for the PL in both solar cells, the widening of the PL emission has been directly linked in the literature to worse solar cell performances [94] . We observe that the reference cell has a FWHM of ~96 meV and has an efficiency of 7.5%, whereas the passivation solar cell has an FWHM of ~61 meV and with an efficie ncy of 9.7%. This relation establishes that the passivation strategy lowers the numbers of active interface defects that rule the CIGS opticalproperties leading to a higher solar cell performance. Thus, we can conclude that the Al 2 O 3 nanopatterned point contact layer lowers the interface recombination at the CIGS rear interface. This results, is in very good agreement with our previous observation using electrical measurements of a lower trap density for CIGS/Al 2 O 3 interfaces [95] .
Further work should focus on understanding the properties of the Al 2 O 3 passivation layer after it is exposed to the harsh CIGS growth conditions. These growth conditions, a temperature of 525 o C in a Se atmosphere, have been linked to a change in the electronic properties of the AL 2 O 3 layer [95] and in other dielectric materials, it is known that the inclusion of mid-gap defects significantly changes This print has been published in Advanced Materials Interfaces with https://doi.org/10.1002/admi.201701101 17 the material properties even by changing it from an electrical insulator to a conductor compound [96, 97] .
Hence, a full understanding of the electronic properties of the AL 2 O 3 layer after being exposed is needed to further expand the understanding of this system.
Conclusions
Ultrathin 
Experimental
The solar cells prepared in this work followed the Ångström solar cell baseline, as presented in Fig. 1 , and their layer structure was deposited in the same batch [53] . Two sets of solar cells were prepared, one with the regular solar cell structure -designated as reference, and a second one with a passivation layer -designated as passivated solar cell. From each set, 12 solar cells were fabri cated.
The passivation layer, a 18 nm Al 2 O 3 layer, was deposited by atomic layer deposition (ALD) on Mo. The nanopattern was first defined by e-beam lithography and consisted of a square array of openings/holes of ~400 nm diameter separated by 2000 nm among them. Such array allow s for ~97% passivated area leaving ~3% of the area for contacting. Afterwards, the structures were open using a dry etching process [98] . The patterned passivation layer is the only difference between both types of solar cells. For the CIGS evaporation, flat evaporation rates were used to avoid having Cu-and Gadepth profiles [99] . The CIGS composition is deposition, a 15 nm NaF layer was deposited which served as the Na source for the CIGS doping [100] .
Completed solar cell devices were characterized by J-V measurements with AM1.5 illumination in a home-built system. Fill factor (FF), efficiency, short-circuit current density (J SC ), and open circuit voltage (V OC ) were calculated from the J-V curves and the corresponding values given in Fig. 2a ) are the average of 12 cells with their respective standard deviation. External quantum efficiency (EQE) was determined under ambient light, using chopped monochromatic light that was scanned through the wavelength interval of 360-1200 nm in 2-nm steps, also in a home built system.
The photoluminescence (PL) measurements were carried out on a Bruker IFS 66v Fourier Transform Infrared (FTIR) spectrometer, equipped with a Ge diode detector. The excitation source was a 514.5 nm line of an Ar + ion laser (spot diameter of ∼1 mm), with a laser power measured at the front of the 19 cryostat window. The solar cells were inserted in a helium gas flow cryostat which allowed the change of temperature in the range 7-300 K. The correction of the detectivity of the Ge detector was performed for all spectra. The apparent free carrier density measurements were performed using C-V measurements on an Autolab PGSTAT302N equipped with the FRA32 module. The measurements were performed in dark using a Faraday cage at room temperature. The amplitude of the AC signal was set to be constant and equal to 10 mV rms and the frequency was constant and equal to 10 kHz.
The DC component of the excitation signal ranged from -1.0 V to 0.5 V.
Scanning transmission electron microscopy (STEM) images were taken with a FEI Titan Themis 80-300 kV Cs-probe corrected transmission electron microscope (TEM), operating at 200 kV accelerating potential. The lamellae were prepared in a focused ion beam (FIB) FEI Dual-Beam Helios 450S with FIB Mo-grids, using a technique known as "lift-out" [101] . On top of the solar cell, a protective evaporated carbon layer followed by a Pt bi-layer were deposited using the electron beam and the Ga beam [102] .
Optical modelling description
A numerical 3D mesh-based finite difference time domain (FDTD) method was employed to model the optical response of the fabricated structures, using a specialized commercial solver [103] . The mesh resolution was adapted to the geometry of the structures and illumination conditions after sets of convergence tests, in order to minimize the computational requirements while maintaining high accuracy. The simulations were corroborated by matching the FDTD optical absorption spectra of the flat multilayered cell structures (without the patterned point contacts) with analytical formalisms based on the transfer matrix method.
The periodicity of the square array of rear point contacts allows the FDTD region to be reduced 
